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Understanding the behavior of fluctuations in magnetically confined plasmas is essential to the
advancement of turbulence-based transport physics. Though microwave reflectometry has proven
to be an extremely useful and sensitive tool for measuring small density fluctuations in some cir-
cumstances, this technique has been shown to have limited viability for large amplitude, high kθ

fluctuations and/or core measurements. To this end, a new instrument based on 2-D imaging re-
flectometry has been developed to measure density fluctuations over an extended plasma region in
the TEXTOR tokamak. This technique is made possible by collecting an extended spectrum of
reflected waves with large-aperture imaging optics. Details of the imaging reflectometry concept, as
well as technical details of the TEXTOR instrument will be presented. Data from proof-of-principle
experiments on TEXTOR using a prototype system is presented, as well as results from a systematic
off-line study of the advantages and limitations of the imaging reflectometer.

I. INTRODUCTION AND BACKGROUND

Microwave reflectometry has been extensively used in
tokamak plasmas for the detection of turbulence, due to
its relatively simple implementation and its high sensi-
tivity to small perturbations of electron density. Despite
its widespread and long-standing use, however, the inter-
pretation of reflectometry data from fluctuations remains
an outstanding issue [1, 2].

For the simple case of 1-D fluctuations (radial only)
with a stratified plasma permittivity ε = ε0(r) + ε̃(r)
(with fluctuating component ε̃(r) � 1) probed by a wave
propagating in the r direction, the interpretation of re-
flectometry is relatively simple. In this case, the fluc-
tuating component of the signal phase is given by the
approximation of geometric optics [3]

φ̃ = k0

∫ rc

0

ε̃(r)√
ε0

dr (1)

as long as the radial fluctuation wavenumber satisfies the
condition kr < k0/(k0Lε)1/3, where Lε = (dε0/dr)−1

r=rc
is

the scale length of the plasma permittivity at the plasma
cutoff r = rc and k0 is the wavenumber of the probing
beam.

By taking |kr| > 1/Lε (since we are interested in short-
scale fluctuations) and ε0(r) ≈ (rc −r)/Lε (since most of
the contribution to φ̃ comes from a narrow region near the
cutoff), one obtains the power spectrum of φ̃ as a function
of the power spectrum of the density fluctuations [1]

Γφ(kr) = πM
k0

2Ln

|kr| Γn(kr) (2)

where Ln = n/(dn/dr)r=rc is the scale length of the elec-
tron density n, M ≡ (ndε/dn)r=rc (≈ 1 for the ordinary

mode and ≈ 2 for the extraordinary mode), Γφ(kr) is the
power spectrum of the measured φ̃ (considered to be a
function of rc), and Γn(kr) is the power spectrum of the
relative plasma density fluctuation ñ/n.

In the presence of 2-D turbulent fluctuations, the in-
terpretation of reflectometry becomes considerably more
complex. Unfortunately, this is precisely the case of in-
terest for tokamak plasmas, which exhibit both radial
and poloidal fluctuations. The difficulty arises from the
fact that when the plasma permittivity fluctuates per-
pendicularly to the direction of propagation of the prob-
ing wave, the spectral components of the reflected field
propagate in different directions. This can result in a
complicated interference pattern on the detector plane,
from which it is very difficult to extract any information
about the plasma fluctuations. In essence, the measure-
ment of the fluctuations can be limited by the fluctua-
tions themselves.

Several papers have taken these phenomena into ac-
count by expressing an upper-bound on the measurable
fluctuation levels in particular experiments. Addition-
ally, various techniques have been employed to account
for the effects of 2-D turbulence, at least for moderate
fluctuation levels. In one such technique, the reflectome-
ter signals are adjusted by numerically back-projecting
the measured complex electric fields through the mod-
eled dispersive plasma medium, providing a correction
to the field distribution [4]. In the limit of strong fluctu-
ations, however, the signal can become distorted beyond
repair even by advanced numerical techniques.

The study of this problem, both on TFTR and in a se-
ries of numerical simulations, led to the development of
the Microwave Imaging Reflectometry concept [3, 5]. In
this technique, large-aperture optics at the plasma edge
are used to collect as much of the scattered wavefront as
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possible and optically focus an image of the cutoff layer
onto an array of detectors, thus restoring the integrity of
the phase measurement. A detailed overview of the tech-
nique is provided in Ref. [5], and only a basic description
is provided here. The first experimental implementation
of the MIR approach is underway on the TEXTOR toka-
mak, and is the subject of this paper.

Although much of the subject of this paper describes
the application of MIR to a single point measurement, it
should be noted that with the use of large optics, MIR is
implicitly capable of multi-point measurements. Indeed,
the application of MIR represents the first use of reflec-
tometry measurements to simultaneously resolve the tur-
bulent ω and kθ (frequency and poloidal wavenumber)
spectra using locally sampled plasma areas.

An important result from the numerical simulations in
Ref. [3] which is critical to the implementation of the
MIR technique is the demonstration of a “virtual cutoff”
surface, located behind the actual cutoff surface, from
which the reflected waves appear to have originated (to
an observer at the plasma edge). The location of the
virtual cutoff can be heuristically described as the inter-
section of the asymptotes of the ray trajectories of the
probing wave before and after reflection, shown schemat-
ically in Fig. 1. If the reflected rays are collected by
a large-aperture optical system with its object-plane lo-
cated at the virtual cutoff, the spatial structure of the
density fluctuations at the actual cutoff layer can be de-
termined by a the detected phase at the image plane.

n<1 n=1

cutoff (n=0)

virtual

cutoff

FIG. 1: Heuristic description of the virtual cutoff layer. Rays
refract near the plasma cutoff layer (n < 1), reaching a turn-
ing point at the cutoff (n = 0). The ray asymptotes meet at a
common location, where, to an outside observer, the radiation
appears to have originated.

The distance between the actual and virtual cutoff lay-
ers was calculated to lowest order for planar geometry in

Ref. [5], and is given by ∆r ≈ ∫ rb

rc

1−
√

ε(r)√
ε(r)

dr. A practi-

cal approximation for this distance has been derived in [6]
for cylindrical geometry, as a function of the radius of the
cutoff surface rc and the scale length of the plasma per-
mittivity Lε at the cutoff. In this case, ∆r ≈ a Lε

b where

a = 1 − 0.89 exp(−0.43 rc), b = 1 − 0.66 exp(−0.45 rc),
and all dimensions are in [m].

The remainder of this paper is organized as follows:
Section II provides an overview of the issues specific to
the TEXTOR instrument, including subsections which
specifically address the optical design, the probing mi-
crowave beam, the frequency-selective dichroic plate, and
the detector array. Section III contains results from a
series of off-line laboratory tests which assess the perfor-
mance of the TEXTOR MIR instrument. While routine
data will not be available until the resumption of TEX-
TOR operation in October 2002 (following an 18-month
maintenance/upgrade period), a prototype of the MIR
system was installed on TEXTOR prior to its extended
shutdown. An example of data from that series of ex-
periments is presented in section IV, followed by short
summary and overview of future plans in section V.

II. APPLICATION TO TEXTOR

A. Overview

For the TEXTOR instrument, shown schematically in
Figure 2, the primary focusing optical set is composed
of two large cylindrical mirrors, arranged to tailor the
illumination beam wavefront to match the toroidal cut-
off surface. The probing and reflected beams enter and
exit the vacuum chamber through the same window, and
share the primary mirrors. The reflected beam is sepa-
rated from the probing beam with a beamsplitter, and
is focused onto a 16-element linear array of detectors.
The MIR system has been combined with an Electron
Cyclotron Emission Imaging diagnostic [7], which shares
the 42 cm × 20 cm vacuum window and large front-end
optics, enabling simultaneous measurement of ñe and T̃e

fluctuations in the same plasma volume. A dichroic plate
is used to separate the higher frequency (> 110 GHz)
ECEI signal from the lower frequency (< 90 GHz) MIR
signal, and each subsystem uses a dedicated detector ar-
ray.

TEXTOR will employ a wide range of operating sce-
narios during the upcoming campaign, including Dy-
namic Ergodic Divertor operation at 1.9 T and higher,
several scenarios at 2.25-2.35 T including ECH studies
using a 110 GHz gyrotron, and additional ECH studies
at 2.5-2.6 T using a 140 GHz gyrotron.

The MIR instrument, installed initially at a fixed-
frequency of 88 Ghz, covers a <∼ 15 cm poloidal region
of the cutoff surface with a spatial resolution of ∼ 1 cm,
leading to a theoretical kθ resolution of 0.4 cm−1 ≤ kθ ≤
3 cm−1. It is important to specify the distinction be-
tween making measurements in the presence of poloidal
fluctuations and making measurements of the poloidal
fluctuations. While the majority of the effort behind
the development of the MIR technique has been con-
cerned with the validity of measurements in the presence
of poloidal fluctuations, in fact the MIR project repre-
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FIG. 2: TEXTOR poloidal cross-section with the MIR/ECEI
combined system. Visible in the diagram are the (a) toroidal
and (b) poloidal focusing mirrors, (c) dichroic plate, (d) beam-
splitter, (e) probing beam source, (f) MIR detector array, and
(g) ECEI detector array, as well as several focusing lenses.

sents the first use of simultaneous, localized reflectometry
measurements to produce a time-resolved mapping of kθ.
With this in mind, the stated kθ resolution of the TEX-
TOR MIR system refers to that which can actually be
resolved by the instrument. Measurements can be made
in the presence of arbitrarily low kθ, down to 0 cm−1.

In future experiments, simultaneous radial and
poloidal correlation measurements will be made available
with the addition of a second, scanning-frequency prob-
ing beam and an upgraded detection system.

B. Optical Design

The large toroidal and poloidal mirrors, while primar-
ily used for the reflection and focusing of microwaves,
nonetheless were constructed to be optical quality to fa-
cilitate system alignment using lasers. The mirror sur-
faces are made from a polystyrene-backed aluminum film
bonded to a machined substrate. The substrate is made
from non-metallic composite to avoid eddy-currents from
transient magnetic fields. Focusing mirrors were chosen
rather than lenses for the front-end elements to avoid
internal reflections from the lens surfaces, which could
potentially interfere with the plasma signal.

Although the primary optics are shared between the
probing and the reflected beam, the optical elements
are not performing the same function during illumina-
tion and detection. For the probing beam, the role is
to tailor the wavefront to the shape of the cutoff sur-
face, thus making the wavefront impinge normally the
cutoff surface. This increases the robustness of the op-
tical system to changes in the size of the cutoff surface
and minimizes the deleterious effect of plasma refraction

on the spectrum of probing wave numbers [5]. To per-
form this function, the optics must have a focal point in
the toroidal direction located at the center of the torus,
and in the poloidal direction at the center of curvature
of the cutoff surface. By using the curvature-matching
technique, cutoff surfaces over a wide range of densities
can be illuminated with minimal change to the optics.

The function of the optical system for the reflected
waves is to form an image of the virtual cutoff onto an
array of detectors. The design must take into account
the effect of apertures on the minimum achievable beam
size. To maximize the power density arriving at the de-
tector, it is desireable to demagnify the image as much
as possible, consistent with the detector element size and
the predicted maximum resolution in the plasma. In ad-
dition to the focusing mirrors, several lenses were used to
improve the image quality and match the image to the
detector characteristics (see Fig. 2). All lenses are made
from high-density polyethylene (HDPE), and are placed
behind the beam-splitter, out of the path of the prob-
ing beam. Several of the HDPE lenses are designed with
different curvatures in the E-plane and H-plane, to com-
pensate for the different focal points of the two primary
mirrors.

The primary constraint on the system resolution is im-
posed by the vacuum-window aperture, and all other op-
tical elements are sized to avoid further vignetting of the
beam. Using the fact that the detectors impose a nearly
Gaussian profile on the collected radiation (see Figure 6),
the best instrument resolution is determined by the Gaus-
sian spot-size at the cutoff, given by 2 rspot = 2λ0d/πh,
where rspot is the Gaussian beam waist at the object
plane, λ0 is the wavelength of the probing beam, d is
the distance from the aperture to the beam waist, and
h is the 21 cm half-height of the aperture. Clearly it is
possible for the instrument resolution to be different in
the toroidal and poloidal directions, though it has been
assumed that the E-plane (poloidal) resolution is of pri-
mary concern. For the central channels, the poloidal an-
gular acceptance of reflected radiation fan is ±12◦ about
the specularly reflected ray.

Off-axis channels are degraded from the central chan-
nel by vignetting of the reflected radiation, which effec-
tively reduces the available aperture. The degree of re-
duction increases from the center to the edge, reaching
50% at the outermost channels. This effect not only de-
grades the poloidal resolution, but also reduces the re-
turned power, depending on the degree of spreading of
the ray fan. Assuming a fan which spreads to fill the
entire aperture accepted by the antennas, this effect in-
creases linearly from the center to the edge, also reaching
50% at the outermost channels. For narrower ray-fans,
this effect will be reduced.

Figure 3a shows the Gaussian spot-radius, plotted vs.
poloidal position in the plasma, calculated using the set
of Gaussian beams which begin at each plasma position
and propagate through the entire optical system, includ-
ing the receiver antennas. Figure 3b shows the relative
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power profile of the illumination and reflected beams,
based on the vignetting effects described above.
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FIG. 3: Minimum Gaussian spot radius (a) and relative for-
ward/return probing beam power (b), calculated by consider-
ing the effects of vignetting by the vacuum window, focusing
elements, and detector acceptance patterns. Discrete markers
(squares and triangles) represent the location of the detector
array elements, mapped back to the plasma cutoff surface.

In both Figs. 3a and 3b, the discrete markers (squares
and triangles) represent the location of the detector ar-
ray elements, mapped back to the plasma cutoff surface.
Although there are 23 channels shown, the interchannel
spacing can be compared to the resolution from Fig. 3a,
and it is clear that the plasma is slightly oversampled,
increasing towards the edge. Also observable in Fig. 3a
is a top/bottom asymmetry to the spot-size distribution,
which results from the vertically-asymmetric optical con-
figuration (see Fig. 2).

C. Probing Beam

In order to minimize the phase variation introduced
by the probing beam itself, it is desirable to launch as
clean a Gaussian beam as possible, with minimized side-
lobes, and maintain the clean beam through the focus-
ing elements. Figures 4a-c show the beam pattern from
the specialized launching horn, demonstrating the high
degree of purity of the Gaussian profile. Figure 4a is
the 2-D pattern measured in front of the horn, and Fig-
ures 4b and 4c are 1-D “slices” in the y and x direction,
respectively. Here, squares represent single-point mea-
surements, and solid lines represent the best-fit Gaussian
profile. In Figure 4d, the squares represent measured
beam widths at various distances along an optical path
through a series of focusing optics, and the solid line rep-
resents the theoretical prediction of the Gaussian width
propagating through the system.
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FIG. 4: Measured 2-D profile of the launched Gaussian prob-
ing beam (a), shown with 1-D “slices” in the y and x direction
(b and c, respectively), and the measured beam waist through
the primary focusing mirror (d). In (d), squares represent
measured beam widths at points along the optical path, and
the solid line represents the theoretical prediction.

D. Dichroic Plate

In order to enable simultaneous measurement of ñe and
T̃e fluctuations using a common mirror set, it is neces-
sary to split the MIR signal from the ECEI signal, and
send each to a dedicated detector array. For this purpose
a dichroic plate was designed and constructed to reflect
the MIR signal at 88 GHz while transmitting ECEI ra-
diation over a range of 114-140 GHz. The design and
fabrication of dichroic plates for use at normal incidence
are well established and fairly straigtforward, requiring
either square grids or arrays of round holes [8]. The
MIR/ECEI system geometry necessitates a high angle
of incidence, however, which requires a somewhat more
complicated plate design comprised of an array of oblong
holes arranged on a rectangular grid [9].

Figure 5a is a schematic of a small section of the hole
grid, comprised of 1.654× 0.717 mm oblong holes, sepa-
rated by 0.22 mm in both dimensions, cut from a plate 2.0
mm thick [9, 10]. Figure 5b shows the calculated trans-
mission and reflection characteristics of the plate for 45◦
incidence, demonstrating both the nearly complete reflec-
tion at 88 GHz and the nearly unity transmission band
from 114-140 GHz. At the time of this publication, the
plate is still in the testing stage, and no performance data
is available. Theoretically, the transmission and reflec-
tion characteristics should be quite robust to incidence
at angles up to ±15◦ about the nominal design incidence
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angle of 45◦. Indeed, the characteristics of plates de-
signed using this technique have been demonstrated to
match the expected performance very closely [9].
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FIG. 5: (a) Schematic drawing of a small section of the
dichroic plate hole grid, designed to reflect 88 GHz and trans-
mit 114-140 GHz at 45◦ incidence. (b) Calculated transmis-
sion (solid) and reflection (dashed) curves.

E. Detector Array

The viability of imaging reflectometry is dependent on
the availability of sensitive detectors. In this regard there
has been steady progress in the design of multichannel ar-
rays that can be inexpensively manufactured on printed
circuit boards and can therefore scale-up to large multi-
channel arrays [11, 12].

The MIR system uses a hybrid-type detector/mixer ar-
ray, comprised of printed antennas coupled with beam-
lead diodes, which are silver epoxied onto the feeds of
each array element. Frequency mixing is achieved by illu-
minating the front face of the array with the signal beam
while the back face is illuminated by the local oscillator.

Past microwave imaging systems have used slot-bowtie
antennas, though the present MIR system uses dual-
dipole antennas, which exhibit similar bandwidth to the
slot-bowties (∼15%), but have much cleaner and more
symmetric antenna patterns, as well as improved sensi-
tivity. Figure 6a shows a mask layout of the MIR dual-
dipole detector array, with 16 channels shown and the E-
plane oriented horizontally. The center-to-center element
spacing is 2.29 mm in the E-plane and 1.40 mm in the
H-plane. Figure 6b is a zoom photograph of a single de-
tector (E-plane oriented vertically), showing the details
of the antenna pattern and the epoxied diode bridging
the antenna halves. Figures 6c and 6d show the E-plane

and H-plane antenna patterns, respectively, demonstrat-
ing the clean and symmetric Gaussian response.
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FIG. 6: Detector array layout (a), zoom photograph of single
array element (b), and antenna sensitivity curves vs. angle
in the E-plane (c) and H-plane (d), recorded at 89 GHz. The
center-to-center element spacing is 2.29 mm in the E-plane
and 1.40 mm in the H-plane.

III. CHARACTERIZATION OF OPTICAL
PERFORMANCE

Simultaneously with the installation of the TEXTOR
instrument, we have performed an off-line laboratory
study of the characteristics of the MIR instrument, using
corrugated reflecting targets of known shape to simulate
the fluctuating plasma reflection layer. This approach
was chosen to augment the plasma measurements prior
to complete integration due to the unavoidable complex-
ity of any new plasma data; implementation of any new
instrument is made much more reliable by first making
reference measurements. This study also included a per-
formance characterization of a conventional reflectome-
ter arrangement, consisting of a Gaussian launching horn
and a simple detector horn with no imaging optics, also
arranged to measure the reflected signals from the cor-
rugated targets. Details of this calibration process are
presented in [6], with an overview presented here. This
type of arrangement has been used in the past to simulate
doppler-shift measurements of poloidal rotation with re-
flectometry [13], and even to investigate the effects of 2-D
fluctuations on reflectometry measurements [14], though
in the latter case only the effects on total collected power
using a 1-D configuration were considered.

The target reflectors were 60 cm in diameter and 20
cm wide, with a single, precisely imposed corrugation
wavelength λcorr ≡ 2π/kθ and corrugation height hcorr .
Measurements were taken with each of the reflectome-
try systems for a series of targets covering a range of kθ

and hcorr , and for geometries covering a range of dis-
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tances from the instrument to the target surface. This
distance (d) is defined as the distance between the target
surface to the first mirror in the case of the MIR system,
and as the distance between the target surface and the
launch/receive horns in the case of the 1-D system. The
focal distance of the MIR system d0 ≡ d(image focus)
is 235 cm. To form a reference measurement to which
the reflectometer measurements could be compared, each
target surface was independently measured using Leica
“Laser Tracker” [15], a visible-laser interferometer with
10 µm precision.

A result from this off-line study is shown in Fig. 7, in
which the measurements from both the 1-D and MIR sys-
tems are compared to the reference measurement. The
target in this case had corrugations of kθ = 1.25 cm−1

and depth ≈ 1.7 mm = λ0/2, where λ0 is the wavelength
of the probing microwave beam, leading to a nominal
phase fluctuation of ∆φ ≈ 2π. For TEXTOR parame-
ters, this corresponds to ñe/ne ≈ 1%. In the Figure, the
gray curve represents the reference measurement of the
corrugation shape scaled by 4π/λ0, corresponding to the
ideal phase shift induced on the reflected beam. Each
curve is plotted against the rotation angle of the target
wheel. Figs. 7a and 7b correspond to measurements
taken with the 1-D system at distances of 10 cm and 30
cm, respectively. Fig. 7c corresponds to measurements
taken with the MIR system located at d0, at the focal
distance of 235 cm.
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FIG. 7: Waveforms from the 1-D system (a,b) and MIR sys-
tem (c), from measurements of a target reflector having cor-
rugations of kθ = 1.25 cm−1 and depth ≈ 1.7 mm, leading
to ∆φ ≈ 2π. The solid curves are the reflectometer mea-
surements, and the gray curve is the reference measurement.
Plots (a) and (b) are measurements taken with the 1-D sys-
tem at distances of 10 cm and 30 cm, respectively, and (c)
is a measurement taken with the MIR system located at the
focal distance of 235 cm.

Clearly from Fig. 7a, the 1-D configuration produces
a very close match to the reference curve, although it ap-
pears that some minor level of interference has reduced
the measured level of phase modulation compared to the
actual surface. It is obvious that the majority of the
spectral power is contained in the fundamental kθ of the
target wheel. The 1-D measurement at 30 cm (Fig. 7b),
however, is dramatically distorted, no longer represent-
ing the target surface. Clearly a significant fraction of
the spectral power in this plot is contained in higher har-
monics of kθ, and the wheel shape (which represents the
fluctuations at the plasma cutoff), can not be inferred
from the reflectometer data in this case.

The MIR measurement (Fig. 7c) represents the clean-
est measurement of the target surface, despite being
physically the furthest removed. Even the small irreg-
ularities in the reference curve (due to construction ir-
regularities in the target wheel) are reproduced by the
MIR measurement.

In order to quantify the degree to which the reflec-
tometer measurements accurately reproduced the refer-
ence surface, the cross-correlation coefficient ρXY was
calculated between the power spectra of the reflectome-
ter and reference curves for measurements over a wide
range of d, the distance between the instrument and the
target surface [16]. This data, plotted for both the 1-d
and MIR systems, is shown in Fig. 8a.
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FIG. 8: Cross-correlation between the reflectometer and refer-
ence power spectra, plotted for both the 1-D and MIR config-
urations, for 3 target reflectors with the following corrugation
values: (a) kθ = 1.25 cm−1 and ∆φ ≈ 2π; (b) kθ = 1.25 cm−1

and ∆φ ≈ π; (c) kθ = 2.5 cm−1 and ∆φ ≈ 0.7π.

In the Figure, the triangles represent the 1-D measure-
ments, and the squares represent the MIR measurements.
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Figure 8a represents data taken with the target from Fig.
7, having kθ = 1.25 cm−1 and ∆φ ≈ 2π. Figure 8b repre-
sents a second target, also with kθ = 1.25 cm−1 but with
∼ 50% lower corrugation depth (∆φ ≈ π). Figure 8c
represents a target with kθ = 2.5 cm−1, higher than the
preceding two targets by a factor of two, and ∆φ ≈ 0.7π,
somewhat lower than either of the preceding two targets.

In Figure 8a, for the 1-d case, the correlation is nearly
unity for d=10 cm, and falls quickly as the distance is
increased to 30 cm or more. As was seen in Fig. 7, mea-
surements at or beyond 30 cm no longer represent the ac-
tual surface, as represented by the ≤ 0.5 cross-correlation
figure. The MIR values are similarly near-unity in the
vicinity of the MIR focus, falling off at d ≈ ±10 cm with
respect to the focal plane location. This 20 cm range
represents the distance over which multi-radial (multi-
frequency) data could be collected simultaneously with a
fixed set of imaging optics. This plot serves to illustrate
the fundamental advantage of the MIR technique, which
is that the “proximity focusing” of the 1-D system for
data taken immediately next to the reflecting surface is
transferred to a remote focal plane, physically accessible
to a detection system.

In Fig. 8b, the case with reduced corrugation level,
the response of both the 1-D and MIR systems is im-
proved over the previous case. Both reflectometry config-
urations exhibit near-unity cross-correlation between the
measured and reference power spectra, indicating that
for these conditions, the measurement of fluctuations has
essentially been reduced to the 1-D problem, and is free
from interference effects. Indeed, for the case of Fig. 8b
the need for imaging is eliminated.

In Fig. 8c, the case with the highest kθ, the signal qual-
ity is degraded with comparison to the previous targets.
Additionally, the “depth of field” of acceptable levels of
cross-correlation is slightly reduced for both systems. As
in the previous cases, the similarity between the focal
depth of the 1-D system and the MIR system is apparent.
The reflectometer signal quality and the resulting need
for MIR is critically dependent on the target k [3, 6, 17].

In order to better understand the details of the target
reflector measurements with the 1-D and imaging sys-
tems, the reflected field was analytically calculated using
a solution to Maxwell’s equations in cylindrical geome-
try. It was found that the calculated waveforms were a
very accurate match to the data, even in the cases where
the amplitude waveforms were quite complicated and the
phase waveforms exhibited a high level of distortion.

Even in cases where the interference-dominated wave-
form appears to be quasi-periodic, the addition of even
a single additional mode (which causes a relatively small
change in the shape of the reflector) results in a dra-
matic change in the detected interference pattern, which
quickly becomes chaotic [6]. Because of this, in cases
where interference plays a significant role in the detected
signal, modeling the effect of interference by looking at
a single kθ mode can be overly optimistic. At the same
time, any direct quantitative comparison of absolute fluc-

tuation levels between the target-reflector tests and real-
istic plasma conditions is necessarily imprecise, since in
the former case all of the spectral energy is in a single
mode, and in the latter case the energy is spread over the
kθ spectrum.

The implication from the target wheel tests is that
for low kθ and hcorr , imaging is unnecessary, and 1-D
reflectometry can be expected to produce valid fluctu-
ation measurements. If either (or both) of these quan-
tities is increased beyond some threshold, however, the
degradation of the signal quality due to wave interference
becomes an important consideration. While the exact
threshold level depends on the details of the profile and
the experimental arrangement, the experimental observa-
tions on TFTR as well as the implications from the corru-
gated target tests indicate that this level lies precisely in
the region of interest for core measurements of tokamak
plasmas. As a rough guide, one can expect interference
to play a significant role in the reflected field pattern if
measurements are taken beyond the diffraction distance,
defined as Ddiff ≈ 2 k0

〈(∆φ)2〉 〈kθ〉2 , where
√〈(∆φ)2〉, is the

average phase deviation of the measurement [17].
It is important to reiterate that the target-reflector

tests represent only a simplified simulation of the plasma
turbulence, chosen to illustrate the effect of 2-D fluctua-
tions in the simplest possible manner. The inclusion of a
more realistic spectrum containing many modes and re-
fractive effects in the plasma can only further complicate
the data and its interpretation. That said, the target-
reflector tests constitute a minimum first test of the via-
bility of the new instrument, and serve to illuminate the
limitations of both imaging and non-imaging reflectome-
try at a most basic level.

IV. RESULTS FROM TEXTOR

Preceding the extended TEXTOR maintenance pe-
riod, a prototype MIR system was installed, taking ad-
vantage of a refractive optical set previously used for an
ECEI instrument. The proof-of-principle results are pre-
sented in Reference [18], with only a single highlight pre-
sented here.

For this experiment, the probing frequency and op-
tics were held fixed, while the plasma density was slowly
ramped over the course of the shot. In this way the cutoff
layer was brought from a position outside the focal range
of the MIR instrument through the focal region and be-
yond on the opposite side. Figures 9a and 9b show two
example I/Q plots from a single channel recorded over
3 msec time windows as the central plasma density was
ramped from 2.8 × 1019 m−3 at t=1.2 s (Fig. 9a), to
4.4× 1019 m−3 at t=1.9 s (Fig. 9b). During the density
ramp, the cutoff position moved from 1.93 to 1.99 m for
the plots shown. At t=2.4 s (not shown), the cutoff po-
sition had moved out to 2.06 m, producing an I/Q signal
indistinguishable from Fig. 9a.

The striking difference between plots 9a and 9b is in
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FIG. 9: I/Q plots from the prototype TEXTOR MIR instru-
ment, for (a) out-of-focus and (b) in-focus conditions. Also,
the corresponding power spectra of the phase waveforms (c,d).

the level of amplitude fluctuations, which is much larger
in the former case. These data were collected in ohmic
plasmas where, apart from a small density rise, all plasma
parameters were stationary. Thus, consistent with the
off-line tests of the MIR instrument, it appears that re-
duced amplitude fluctuations in plot 9b are due to the
in-focus condition of the cutoff. This is corroborated by
the agreement between the calculated position of the vir-

tual cutoff in plot 9b with the position of the instrument
focal plane.

The power spectra for the two cases, shown in Figures
9c and 9d, are also quite different. In Fig. 9d (in fo-
cus), the spectrum is dominated by large coherent MHD
fluctuations, while for Fig. 9c (out of focus), is a fea-
tureless 1/f2 spectrum, exhibiting not even the slightest
indication of the dominant MHD fluctuations visible in
Fig. 9d.

V. DISCUSSION

Although we have just begun to exploit the potential
of the imaging reflectometer, the combination of numer-
ical simulation, off-line system testing, and preliminary
plasma data from TEXTOR give us confidence in the ca-
pability of this technique to deliver fluctuation data at a
level unattainable up to now. Future upgrade plans to
the TEXTOR MIR system include the extension to mul-
tiple frequencies, which will enable simultaneous radially
and poloidally resolved data. Additionally, MIR instru-
ments will be installed on other tokamak devices as space
becomes available.
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